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Abstract: 
 
Allostery is well documented for proteins but less recognized for DNA-protein interactions. Here 
we report that specific binding of a protein on DNA is substantially stabilized or destabilized by 
another protein bound nearby. The ternary complex’s free energy oscillates as a function of the 
separation between the two proteins with a periodicity of ~10 base pairs, the helical pitch of B-
form DNA, and a decay length of ~15 base pairs. The binding affinity of a protein near a DNA 
hairpin is similarly dependent on their separation, which—together with molecular dynamics 
simulations—suggests that deformation of the double-helical structure is the origin of DNA 
allostery. The physiological relevance of this phenomenon is illustrated by its effect on gene 
expression in live bacteria and on a transcription factor’s affinity near nucleosomes. 
 
 
One sentence summary: 
Single-molecule in vitro and live cell experiments reveal allostery through DNA, by which two 
DNA-binding proteins affect each other’s affinity to DNA. 
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Upon binding of a ligand, a macromolecule often undergoes conformational changes that modify 
the binding affinity of a second ligand at a distant site. This phenomenon, known as “allostery”, 
is responsible for dynamic regulation of biological functions. Although extensive studies have 
been done on allostery in proteins or enzymes (1, 2), less is known for that through DNA, which 
is normally considered as a mere template providing binding sites. In fact, multiple proteins, 
such as transcription factors and RNA or DNA polymerases, bind close to each other on genomic 
DNA to carry out their cellular functions in concert. Such allostery through DNA has been 
implicated in previous studies (3-10) but has not been quantitatively characterized or 
mechanistically understood. 
We performed a single-molecule study of allostery through DNA by measuring the 
dissociation rate constant (koff) of a DNA-bound protein affected by the binding of another 
protein nearby.  In the assay, DNA duplexes (dsDNA), tethered on the passivated surface of a 
flow cell, contained two specific protein binding sites separated by a linker sequence of L base 
pairs (bp) (Fig. 1A and figs. S1 and S2) (11). One of the proteins was fluorescently labeled, and 
many individual protein-DNA complexes were monitored in a large field of view with a total 
internal reflection fluorescence microscope. Once the labeled protein molecules were bound to 
DNA, the second protein at a certain concentration was flowed in. Stochastic dissociation times 
of hundreds of labeled protein molecules were then recorded, the average of which yields the koff 
(fig. S3) (12). 
We first present a protein pair that does not substantially bend DNA, namely a Cy3B-labeled 
DNA-binding domain of glucocorticoid receptor (GRDBD), a eukaryotic transcription factor, 
together with BamHI, a type II endonuclease (Fig. 1A) (13, 14). To prevent the endonuclease 
activity of BamHI, we used buffer containing Ca
2+ instead of Mg
2+. At a saturating concentration 
of BamHI, the koff of GRDBD was found to oscillate as a function of L with significant amplitude 
spanning a factor of 4 and a periodicity of 10 bp, which intriguingly coincides with the helical 
pitch of B-form DNA (Fig. 1B, red). 
When we reversed the DNA sequence of the nonpalindromic GRDBD binding site (GRE) 
with respect to that of BamHI, the koff of GRDBD oscillated with a phase shift of 4 bp, nearly 
180° relative to that of the forward GRE (Fig. 1B). On the other hand, the binding sequence of 
BamHI is palindromic; therefore, its reversion is not expected to cause any phase shift. 
Similar oscillatory modulation in koff was observed with other protein pairs, such as lac 
repressor (LacR) and EcoRV, or LacR and T7 RNA polymerase (T7 RNAp) (figs. S5 and S6). 
These proteins differ in size, shape, surface charge distribution, and DNA binding affinity (15-
18). In fact, the oscillation was independent of ionic strength (fig. S7), suggesting that the 
electrostatic interaction between the two proteins is not the origin of the allosteric phenomenon. 
However, the presence of a nick, mismatched bases, or GC-rich sequences in the linker region 
attenuated the oscillation (figs. S8 to S10), implying that the allostery is largely dependent on the 
mechanical properties of the linker DNA. 
To prove this hypothesis, we replaced the BamHI binding site with a DNA hairpin loop (Fig. 
1C), which allows examination of the effect of DNA distortion alone. When the length of linker 
DNA between the hairpin loop and GRE (L) was varied, we observed a similar oscillation in the 
koff of GRDBD (Fig. 1C). A larger hairpin loop decreased the amplitude of the oscillation, likely 
because of a smaller distortion induced by the larger hairpin (Fig. 1C). Again when GRE was 
reversed, the oscillation showed a 4-bp phase shift (Fig. 1D). 
The oscillation dampens out with a characteristic decay length of ~15 bp (Fig. 1 and fig. S12) 
(12), which is much shorter than either the bending persistence length (~150 bp) (19) or the 4 
twisting persistence length (~300 bp) of DNA (20). On the other hand, recognizing that proteins 
primarily interact with the DNA major groove (21, 22), we hypothesized that allostery through 
DNA results mainly from distortion of the major groove.  
We carried out molecular dynamics (MD) simulations first on free dsDNA in aqueous 
solutions at room temperature (12). We evaluated the spatial correlation between the major 
groove widths (R) (Fig. 2A inset) at two positions (base pairs i and i+L) as a function of their 
separation, averaged over time t. We observed that the correlation coefficient has a clear 
oscillation with a periodicity of  ~10 bp and dampens within a few helical turns (Fig. 2A). A 
similar yet slightly weaker oscillation was also observed for the correlation of the minor groove 
widths. We attribute the oscillation in Fig. 2A to thermally excited low-frequency vibrational 
modes of dsDNA, which are dictated by the double helical structure of DNA. 
Such spatial correlation as well as the time-averaged R (Fig. 2B, red curve) are translationally 
invariant across a free DNA unless the symmetry is broken, as in the case of hairpin formation or 
protein binding. We simulated such an effect by applying a harmonic potential to pull a base pair 
apart in the middle of the strand. Under this condition, we observed that the time-averaged R (Fig. 
2B, blue curve) deviates from that of a free DNA (Fig. 2B, red curve) and oscillates as a function 
of the distance (L) from the perturbed base pair with a periodicity of ~10 bp. In contrast, no such 
oscillation was observed for the inter-helical distance. 
Such deviation from the free DNA, δR(L), is expected to cause variation in the binding of the 
second DNA-binding protein at a distance L bases away. For example, in Fig. 2C, if protein B 
widens R, its binding would be energetically favored at positions where R is already widened 
(δR>0) by the hairpin or protein A (Fig. 2C, top), but disfavored where R is narrowed (δR<0) 
(Fig. 2C, bottom). Consequently, reversing a nonpalindromic binding sequence would invert the 
binding preference of the protein, explaining the phase shift in Figure 1. This model is also well 
supported by the observation that the koff of LacR oscillates with an opposite phase in the 
presence of BamHI or EcoRV (fig. S6), which is consistent with the fact that BamHI widens 
whereas EcoRV narrows the major groove (14, 15). 
Next, to investigate the effect of DNA allostery on transcription regulation, we studied 
modulation of RNA polymerase binding affinity when a protein binds near the promoter both in 
vitro and in vivo. The protein pair we chose is LacR and T7 RNAp, both of which, unlike 
GRDBD and BamHI, bend DNA (17, 23, 24) but nevertheless exhibit a similar allosteric effect. 
In the in vitro assay, we measured the binding affinity of unlabeled T7 RNAp on its promoter 
by titrating koff of labeled LacR on lac operator O1 (lacO1) with T7 RNAp. koff exhibited 
hyperbolic T7 RNAp concentration dependence (Michaelis-Menten—like kinetics) (Fig. 3, A 
and B, and fig. S4), as can be rigorously derived from the kinetic scheme for LacR (Protein A) 
and T7 RNAp (Protein B) in Fig. 3C (12): 
  (1) 
where ki→j is the rate constant from state i to j and [B] is the concentration of T7 RNAp. The 
plateau value in the titration curve is k3→2. We observed that k3→2 oscillates as a function of L 
with the periodicity and amplitude similar to those of GRDBD and BamHI (Fig. 3D, top). 
According to Eq. 1, the dissociation constant of B on the A-bound DNA,  , can be 
measured from the value of [B] at which koff reaches half of the plateau value in the titration 
curves (Fig. 3, A and B) (12). We found that   oscillates as a function of L (Fig. 3D, 
middle) in phase with k3→2 [that is,  ] (Fig. 3D, top). Therefore, the cooperativity in 5 
DNA binding, if present, exhibits either simultaneous stabilization or destabilization between the 
two proteins. This is a consequence of the fact that free energy is a path-independent 
thermodynamic state function (Fig. 3C) (12): 
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where   and   are the dissociation constant of a protein in the absence of the other, kB is 
the Boltzmann constant, and T is temperature. 
Based on the second line of Eq. 2, the free energy of the ternary complex,  , was 
found to oscillate with a periodicity of ~10 bp and an amplitude of ~2 kBT (Fig. 3D, bottom). 
In general, for a ternary complex formed with DNA and Proteins A and B, the free energy of 
the overall system is  , where   and   are the binding 
free energies of the two individual proteins on DNA, respectively.  , small relative to 
 or  , is the energetic coupling involving in the linker DNA, given by the sum of two 
terms—the variation of protein A binding caused by protein B and the variation of protein B 
binding caused by protein A:  
  (3) 
In each δR, or the distortion of the major groove widths, the subscripts indicate where the 
distortion occurs (binding site of protein A or B) and the superscripts indicate the protein that 
causes the DNA distortion (12). According to our proposed mechanism,   and  	 ﾠ
propagate periodically	 ﾠ(Fig. 2B), yielding a damped oscillation in  . This explains the 
oscillations of the coupling energy for LacR and T7 RNAp (Fig. 3D, bottom and fig. S14A) and 
for GRDBD and BamHI (fig. S14B). 
The allosteric coupling between LacR and T7 RNAp is likely to affect transcription in vivo 
because the efficiency of transcription initiation correlates with the binding affinity of T7 RNAp 
(25). We therefore inserted DNA templates used in vitro (fig. S15) into the chromosome of 
Escherichia coli and measured the expression level of lacZ using the Miller assay (Fig. 4A) (26). 
Indeed, the gene expression level oscillates as a function of L with a periodicity of ~10 bp (Fig. 
4B). Similar oscillations of T7 RNAp activity were observed on plasmids in E. coli cells by 
using a yellow fluorescent protein as a reporter (fig. S16). The oscillation of gene expression 
levels with a 10-bp periodicity was also seen in a classic experiment on lac operon with a DNA 
loop formed by two operators (27). However, our T7 RNAp result illustrates that DNA allostery 
results in such an oscillatory phenomenon even without a DNA loop, which is consistent with a 
recent study in which E. coli RNA polymerase was used (10).  
Pertinent to eukaryotic gene expression, DNA allostery may affect the binding affinity of 
transcription factors near nucleosomes that are closely positioned (28, 29). We placed GRE 
downstream of a nucleosome (Fig. 4C) and observed a similar DNA allosteric effect in the koff of 
GRDBD (Fig. 4D, and fig. S17). To evaluate DNA allostery in an internucleosomal space, we 
used two nucleosomes to flank a GRE (Fig. 4C). At the same separation L, GRDBD resides on 
GRE for a relatively longer time with a single nucleosome nearby than it does with a pair of 
nucleosomes on both sides of GRE (Fig. 4D). Nonetheless, the fold change between the maximal 6 
and minimal koff is larger for GRDBD with two nucleosomes (approximately sevenfold). This 
indicates moderately large cooperativity between the two flanking nucleosomes in modifying the 
binding affinity of GRDBD, which is in line with previous in vivo experiments (30, 31). The fact 
that histones modify a neighboring transcription factor’s binding suggests that allostery through 
DNA might be physiologically important in affecting gene regulation. 
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Figure Legends 
 
Fig. 1. Allostery through DNA affecting koff of GRDBD near BamHI or near a hairpin loop. (A) 
Schematic for the single-molecule assay in a flow cell. The structural model is for L = 11 with 
GRDBD from Protein Data Bank (PDB)  ID 1R4R (13) and BamHI from PDB ID 2BAM (32). 
(B) Oscillation in the koff of GRDBD for the forward (red solid circles) and reverse (magenta 
open circles) GRE sequences, normalized to that measured in the absence of BamHI (±SEM). 
DNA sequences are shown with the linker DNA (L = 5). The central base of GRE, which makes 
the sequence non-palindromic, is underlined. (C) Protein binding affinity affected by a nearby 
DNA hairpin loop, 3 bp and 15 bp (±SEM). (D) Effect of 3-bp loop on the forward and reverse 
GRE (±SEM). The DNA sequence is shown for L = 5. koff  is normalized to that measured on 
DNA without a hairpin 
loop. 
 
Fig. 2. Allostery through DNA induced by distortion of the major groove. (A) MD simulation at 
room temperature reveals the spatial correlation between the major groove widths (inset, defined 
as the distance between C3 atoms of the i
th and i+7
th nucleotide sugar-rings) at two positions as a 
function of their separation L, averaged over time t, [<δR(i;t)δR(i+L;t)>t, i=5]. The correlation 
oscillates with a periodicity of ~10 bp and is attributed to thermally excited low-frequency 
vibrational modes of dsDNA. (B) Upon breaking the symmetry by pulling apart a base pair in the 
middle of the dsDNA (defined as L=0) by 0.5Å (12), the time-averaged R (blue) deviates from 
that of a free DNA (red) and oscillates as a function of the distance (L) from the perturbed base 
pair with a periodicity of ~10 bp. (C) Oscillation of R(L) causes the variation of the allosteric 
coupling between two DNA-binding proteins A and B. If protein B widens R, it would 
energetically favor binding at positions where R is already widened (δR>0) by protein A (top), 
but disfavor where R is narrowed (δR<0) (bottom). 
 
Fig. 3. Allostery through DNA between LacR and T7 RNAp in vitro. (A and B) Titration curves, 
where koff values were normalized to those measured in the absence of T7 RNAp on the given 
template (±SEM). The hyperbolic fit (yellow) is based on Eq. 1. Structural models illustrate the 
ternary complex of LacR [PDB ID 2PE5 (33)] and T7 RNAp [PDB ID 3E2E (18)]. (C) Kinetic 
model for the binding of proteins A (LacR) and B (T7 RNAp). Our experiments start with state 1 
and proceed to the dissociation of LacR to state 0 or state 2 (via state 3), as shown with solid 
arrows. Dashed arrows indicate reactions that are not considered in our derivation of Eq.1. (D) 
The maximum koff of LacR (k3→2), Kd of T7 RNAp in the presence of LacR ( ), and the free 
energy of the ternary complex ( ), as function of L, oscillating with a periodicity of 10 bp. 
Error bars reflect SEM for k3→2 and 1 SD of the χ
2 fit for  and   (12). 
 
Fig. 4. Physiological relevance of DNA allostery. (A) E. coli strains constructed to examine 
cooperativity between LacR and T7 RNAp on the bacterial chromosome. (B) The expression 
level of lacZ (normalized to the average expression levels of all Ls) oscillates as a function of L 
with a periodicity of 10 bp, similar to the corresponding in vitro data (fig. S15). Error bars reflect 
SEM (n = 3). (C) Schematic for the DNA sequences used in the GRDBD-nucleosome 
experiment. W601 is the Widom 601 nucleosome positioning sequence (34). (D) Oscillation of 11 
the koff of GRDBD as a function of L (±SEM). Data was normalized to koff of GRDBD in the 
absence of histone (fig. S17).  
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